Proper assembly and maintenance of epithelia are critical for normal development and homeostasis. Here, using the Drosophila ovary as a model, we identify a role for the B1 isoform of the Ecdysone receptor (EcR-B1) in this process. We performed a reverse genetic analysis of EcR-B1 function during oogenesis and demonstrate that silencing of this receptor isoform causes loss of integrity and multilayering of the follicular epithelium. We show that multilayered follicle cells lack proper cell polarity with altered distribution of apical and basolateral cell polarity markers including atypical-Protein Kinase C (aPKC), Discs-large (Dlg) and Scribble (Scrib) and aberrant accumulation of adherens junctions and F-actin cytoskeleton. We find that the EcR-B1 isoform is required for proper follicle cell polarity both during early stages of oogenesis, when follicle cells undergo the mitotic cell cycle, and at mid-oogenesis when these cells stop dividing and undergo several endocycles. In addition, we show that the EcR-B1 isoform is required during early oogenesis for follicle cell survival and that disruption of its function causes apoptotic cell death induced by caspase.
INTRODUCTION
Maintenance of epithelial cell architecture is crucial to normal tissue function and defects in this process can cause organ dysplasia and systemic diseases.
Epithelial cells are polarized and in most cases this polarity is required for functionality of an epithelium. Junctions connecting epithelial cells define distinct apical and basolateral membrane domains. The core molecular mechanisms underlying epithelial polarization are evolutionary conserved across animal species (TEPASS et al. 2001) . In Drosophila, three protein complexes have been identified that specify apical and basolateral membrane domains (MÜLLER and BOSSINGER 2003) . The Bazooka (Baz) complex (Baz/aPKC/Par6) specifies the apical domain. The apicalizing activity of the Baz complex is repressed by the Scribble complex (Scrib/Dlg) that acts as a basolateral determinant. The Crumbs (Crb) complex (Crb/Stardust/DPATJ) localizes to the apical membrane to antagonize the Scrib complex.
Although efforts have been made to elucidate the mechanisms that specify cell polarity, there are still many open questions about how this cell architecture is established and maintained. The identification of signaling pathways controlling epithelial morphogenesis should further our understanding of this complex process. The follicular epithelium surrounding the Drosophila egg chamber represents a well-characterized and genetically tractable model for addressing these studies. Oogenesis starts within the germarium where new egg chambers are generated from an interaction between somatic and germ line stem cells. Egg chamber development proceeds within a shared ovariole according to a program of continuous growth and differentiation, which is divided into 14 stages (SPRADLING 1993; WU et al. 2008) . At the beginning of oogenesis when the stage 1 egg chamber leaves the germarium, the somatic follicle cells form a monolayer that surrounds each 16-cell germline cyst. The follicular epithelium is polarized with the apical side facing the germline and the basal side facing the epithelial sheath surrounding each string of developing egg chambers. Degeneration of egg chambers in region 2A of the germarium frequently occurs in females subjected to nutrient deprivation. Limited nutrients or other insults can also induce PCD as a physiological response in nurse cells of mid-stage egg chambers leading to entire egg chamber degeneration.
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Final effectors of PCD are caspases, a highly specialized class of cysteine proteases, whose activation is tightly controlled and occurs through proteolytic processing (DANIAL and KORSMEYER 2004) . Caspases are negatively regulated by inhibitor of apoptosis proteins (IAPs) a highly conserved class of proteins that directly bind and inhibit caspases (STELLER 2008) . Differing from developmental nurse cell PCD that only partially requires caspase activity, mid-stage PCD is caspase dependent (PETERSON et al. 2003; BAUM et al. 2007) .
A critical balance between death activators and death inhibitors determines the decision to live or to die. The steroid hormone ecdysone is one of the signals that could affect this balance regulating the patterns of PCD in a precise temporal and spatial pattern (YIN and THUMMEL 2005) . Ecdysone is responsible for coordination of embryogenesis, larval molting and metamorphosis and it plays multiple regulatory roles in coordinating the formation of a mature egg (BOWNES 1989) . Ecdysone signaling regulates the key checkpoint in egg chamber maturation at stage 8-9 of oogenesis (TERASHIMA and BOWNES 2004; and it is believed that it is also involved in the germarium checkpoint (MCCALL 2004) . Recently, it has been reported that ecdysone and Ras signaling modulate follicle cell differentiation and cell-shape changes (HACKNEY et al. 2007) . Ecdysone signaling in Drosophila is controlled by a heteromeric receptor composed of the Ecdysone Receptor (EcR) and Ultraspiracle (USP) (RIDDIFORD et al. 2000) . Three EcR isoforms -EcR-A, EcR-B1 and EcR-B2 -share a common C-terminal region that contains DNA-binding and ligand-binding domains but differ at their N-terminal domain (TALBOT et al. 1993) . As well, EcR 7 isoforms exhibit different spatial and temporal expression patterns and induce different cellular responses (TALBOT et al. 1993) .
In this study, we investigate the involvement of the ecdysone signaling pathway in follicular epithelial maintenance and cell survival. We use reverse genetic approaches to knock down EcR-B1 function in follicle cells to show that EcR-B1 is required for proper follicular epithelium polarity and maintenance. In addition we find that silencing of EcR-B1 in follicle cells at early stages of oogenesis causes apoptotic cell death accomplished through Diap1 downregulation and caspase activation. 
MATERIALS AND METHODS

Fly
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TUNEL labeling: Isolated ovaries were fixed as previously described (CAVALIERE et al. 1998) . TUNEL (terminal deoxynucleotidyl transferasemediated dUTP nick end labeling) and DAPI stainings were carried out substantially as described (CAVALIERE et al. 1998 ) except that digoxigeninconjugated dUTP was revealed by using anti-digoxigenin-Fluorescein conjugated antibody (1:100, Roche). After three washes in PBS they were incubated, with agitation, for 30 minutes in 0.1% Triton X-100, 0.1% sodium citrate. The ovaries were washed twice with PBS and treated for 90 minutes at 37°, with agitation, with 10 μM digoxigenin-11-dUTP, 0.2 U/μl of terminal transferase, 1x terminal transferase buffer (Roche) and 2.5 mM CoCl 2 . After five washes with PBT and one wash in 3% BSA in PBT, the ovaries were treated for 60 minutes, with agitation, with anti-digoxigenin-Fluorescein conjugated antibody. The ovaries were extensively washed with PBT and stained for 10 minutes with DAPI 1 μg/ml in PBS. After several washes with PBS, the egg chambers were mounted in Fluoromount-G and examined by epifluorescence under a Nikon Eclipse 90i microscope.
RESULTS
Ubiquitous EcR-B1 silencing in the follicular epithelium strongly affects egg chamber development: The EcR locus, at 42A (KOELLE et al. 1991) , is proximal to available FRT insertion sites, preventing Flp-mediated mosaic analysis. Therefore we used transgenic RNA interference approach coupled with UAS/Gal4 system (BRAND and PERRIMON 1993) to obtain EcR-B1 knockdown in follicle cells (KENNERDELL and CARTHEW 2000) . We took advantage of the UAS-IR-EcR-B1 transgene containing inverted repeat (IR) sequences designed to target the 5' EcR-B1-specific exon β2 (ROIGNANT et al. 2003) . To test the effects of knocking down EcR-B1 levels, the transgene was expressed using the ubiquitous and strong tub-Gal4 driver. To circumvent the associated lethality, we utilized the tub-Gal80 ts transgene encoding a temperature-sensitive form of the Gal4 inhibitor Gal80 (Gal80 ts ), which blocks Gal4 activity at the permissive low temperature (18°C), while it fails to inhibit Gal4 at the higher restrictive temperature (31°C) (MCGUIRE et al. 2003) .
Previous genetic studies of mutations affecting all EcR protein products
showed that EcR receptor controls multiple aspects of oogenesis and that it is also required for egg chamber integrity (CARNEY and BENDER 2000) . As shown in Figure 1 , ubiquitous knockdown of EcR-B1 caused breakdown of egg chambers that is not detected in wild type ovariole ( Figure 1G ). In 54% of mutant ovarioles (n=177) we observed remnant egg chamber material as shown by We next analyzed whether the multilayered epithelium was a result of late stage overproliferation by immunodetection of the phospho-histone H3 (PH3) 13 mitotic marker. In wild type follicle cells, at stage 6 of oogenesis, Notch-Delta signaling induces the transition from mitotic cell cycle to endocycle so that after this stage the PH3 mitotic marker is not detected (DENG et al. 2001) . We observed that after stage 6 the PH3 marker is never detected in Cy2-Gal4; UAS-IR-EcR-B1 egg chambers, indicating that the multilayered epithelium does not arise from loss of proliferation control (data not shown).
Delamination of cells in multiple layers is a typical terminal phenotype for polarity defects in epithelial cells. Adherens junctions (AJs), considered the primary epithelial polarity landmark, are required for both epithelial sheet formation and maintenance. After stage 6, the follicle cells undergo complex morphogenetic processes associated with changes in adherens junction levels (SPRADLING 1993; WU et al. 2008) . The Drosophila β-catenin encoded by the armadillo (arm) locus is enriched at the adherens-type junctions. Arm protein is abundantly expressed in follicle cell epithelium and is enriched at the apicallateral plasma membrane surface juxtaposed to the germline (PEIFER et al. 1993 ).
To determine if EcR-B1 knockdown defects in follicular epithelium integrity were associated with altered AJ structure, we examined the localization of the We then analyzed the Drosophila inhibitor of apoptosis protein 1 (Diap1) a potent caspase inhibitor that is essential to prevent inappropriate caspase activation and ubiquitous apoptosis (GOYAL et al. 2000; WANG et al. 1999) . This antiapoptotic protein is ubiquitously expressed at stage 9 and 10 of oogenesis in follicle cells (GEISBRECHT and MONTELL 2004) . Diap1 is involved in PCD that occurs at the mid-oogenesis checkpoint and that leads to egg chambers degeneration in response to poor environmental condition. It has been reported that degenerating egg chambers exhibit strongly lowered levels of Diap1 cytoplasmic staining in nurse cells while high levels of caspase-3 activity is detectable throughout the egg chambers (BAUM et al. 2007 ). Coimmunostaining of egg chambers clonally expressing the UAS-IR-EcR-B1 transgene showed a dramatic downregulation of Diap1 (Figure 7 , F and F') that is concomitant with high levels of caspase-3 activity (Figure 7 , G and G') in follicle cells exhibiting highly condensed nuclei (Figure 7 , E, E' and H, H'). These results indicate that knocking down the EcR-B1 isoform at early stages of oogenesis alters both proper follicular epithelium monolayer structure and leads to premature apoptotic follicle cell death.
DISCUSSION
In Drosophila, proper oogenesis results from a number of developmental decisions which require ecdysone, ecdysone receptor (EcR) and ecdysone response genes (RIDDIFORD et al. 2000) . Our functional analysis shows that the EcR-B1 isoform plays a key role in follicular epithelium maintenance throughout oogenesis. It has been shown that starvation leads to a rapid increase of ecdysteroids levels in the ovaries and that this high concentration results in apoptotic cell death of nurse cells (BOWNES 1989; TERASHIMA and BOWNES 2004; . Interestingly, it has been reported that Diap1 expression in nurse cells is downregulated at stages 7-8 when mid-oogenesis checkpoint acts, and again at stage 11 when developmentally PCD occurs (BAUM et al. 2007 ). In addition, 
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